Functional capacities in Escherichia coli cells starved for glucose were examined by comparing protein synthesis, utilization of new substrates, and maintenance of viability with the adenylate energy charge of the culture. When growth ceased because of glucose exhaustion in an E. coli culture, the energy charge dropped from 0.90 to about 0.80. During this time, the viable-cell count and the capacity for protein synthesis and for induction ofnew enzymes were maintained only if other substrates were available in the medium. The culture could be maintained for many hours without growth or death if glucose was added slowly; the energy charge in this case stabilized at about 0.80. A consistent transient decrease in the energy charge to around 0.80, accompanied by a decrease in protein synthesis, was also observed during the adaptation from glucose to other substrates during diauxic growth on glucose and glycerol or lactose. (2) . As the energy charge increases, adenylate-regulated enzymes in ATP-regenerating sequences decrease in activity and adenylate-regulated enzymes in ATP-utilizing sequences increase in activity. Response curves of adenylate-regulated enzymes to changes in the energy charge show the sharpest response to changes in energy charge at values above 0.7. The half-maximal responses for enzymes of both types occur between energy charge values of 0.8 and 0.9, which indicates that the energy charge should be tightly regulated in this range. As predicted by the response curves of adenylate-regulated enzymes as a function of energy charge in vitro, growing and actively metabolizing cells ofEscherichia coli and other species (4, 7, 18) have been found to maintain energy charge values near 0.9.
Functional capacities in Escherichia coli cells starved for glucose were examined by comparing protein synthesis, utilization of new substrates, and maintenance of viability with the adenylate energy charge of the culture. When growth ceased because of glucose exhaustion in an E. coli culture, the energy charge dropped from 0.90 to about 0.80. During this time, the viable-cell count and the capacity for protein synthesis and for induction ofnew enzymes were maintained only if other substrates were available in the medium. The culture could be maintained for many hours without growth or death if glucose was added slowly; the energy charge in this case stabilized at about 0.80. A consistent transient decrease in the energy charge to around 0.80, accompanied by a decrease in protein synthesis, was also observed during the adaptation from glucose to other substrates during diauxic growth on glucose and glycerol or lactose.
The amount of metabolically available energy in the adenylate pool is expressed by the adenylate energy charge (1, 3) . This parameter, (adenosine 5'-triphosphate [ATP] + 1/2 adenosine 5'-diphosphate [ADP])/(ATP + ADP + adenosine 5'-monophosphate [AMP] ), is useful in determining the effect of the energy state of the cell on metabolic regulation. Measurements of the energy charge of a cell can be compared with the responses of enzymes in vitro. The activities of some major regulatory enzymes in vitro as a function of energy charge have been reviewed (2) . As the energy charge increases, adenylate-regulated enzymes in ATP-regenerating sequences decrease in activity and adenylate-regulated enzymes in ATP-utilizing sequences increase in activity. Response curves of adenylate-regulated enzymes to changes in the energy charge show the sharpest response to changes in energy charge at values above 0.7. The half-maximal responses for enzymes of both types occur between energy charge values of 0.8 and 0.9, which indicates that the energy charge should be tightly regulated in this range. As predicted by the response curves of adenylate-regulated enzymes as a function of energy charge in vitro, growing and actively metabolizing cells ofEscherichia coli and other species (4, 7, 18) have been found to maintain energy charge values near 0.9.
When growth ceases as a result of carbon starvation in E. coli, a definite decrease in energy charge has been observed (7, 18) . In this 1 Present address: Department of Agricultural Chemistry, Washington State University, Pullman, WA 99163.
paper we examine the relationship between the adenylate energy charge of the cell and its ability to adapt to new substrates and to survive nutritional stress. The capacities of a glucosestarved E. coli culture to synthesize protein, induce new enzymes, and maintain viability have been determined and compared with the energy charge of the culture.
MATERIALS AND METHODS
Growth conditions. E. coli B was grown in a medium (final pH, 7.0) containing (per liter): KH2PO4, 10 g; K2HPO4, 26 g; (NH2)2SO4, 2 g; MgCl2. 6H20, 0.2 g, and ion supplement solution (14), 5.0 ml. Dow silicone Antifoam A (0.15 ml/liter) was added to prevent foaming. Cultures were grown with forced aeration at 37°C.
Culture apparatus and sampling. The culture vessel was a modified 500-ml gas-dispersion flask. The culture was mixed with a stirring bar; baffles extended from the walls into the flask to increase turbulence. In the glucose maintenance experiments, glucose was pumped continuously into the flask with a Sage syringe pump (model 355) through sterilized silicone rubber tubing. The tubing extended below the culture level to just above the stirring bar. The growth flask contained a sampling port in the lower part of the flask. Samples were removed with a sterile syringe through a serum cap placed in the port. Culture samples could also be withdrawn through a sampling tube held in place by a rubber stopper which fitted into the sampling port. In the latter case the sampling tube was flushed before a sample was taken.
Cell growth and viable-cell count measurements. Cell growth was monitored by measurement of optical absorbance at 540 nm. Viable cells were counted 1FUNCTIONAL CAPACMES AND ENERGY CHARGE 677 by plating 1 ml of culture (diluted 107-to 108-fold) in 10 ml of Difco standard methods plate count agar medium. Colonies were counted after incubation at 30°C for 4 days.
Determination of fi-galactosidase inducibility. ,3-Galactosidase was induced by rapidly removing 10 ml of culture and placing it in a 125-ml Erlenmeyer flask with the non-metabolizable P-galactosidase inducer isopropyl-3-D-thiogalactoside (IPTG) at a final concentration of 0.5 mM. The sample was incubated at 37°C in a reciprocating water-bath shaker for 1 h. The incubation was terminated by adding toluene and deoxycholate according to the method of Revel, Luria, and Rotman (15) . The activity of (3-galactosidase increased linearly with time from zero level during the 1-h induction period.
The /-galactosidase assay was a modification of that described by Pardee, Jacob, and Monod (13) . A 0.2-ml volume of 13.3 mM o-nitrophenyl-,B-n-galactoside in 250 mM NaH2PO4, pH 7.0, was added to 1.0 ml of toluene-treated cells. Samples were incubated at 30°C for various periods oftime (0 to 1.5 min). The reaction was then stopped by adding 5.0 ml of 1 M Na2CO3, and absorbance was measured at 420 nm. One unit of activity is defined as the amount of enzyme that will catalyze the cleavage of 1 ,umol of o-nitrophenyl-3-D-galactoside per min at 30°C, pH 7.0.
Determination of total protein. Protein was determined by the modified biuret procedure developed by Klungsoyr (11) in the glucose starvation and maintenance experiments, whereas the method of Lowry et al. (12) Determination of adenine nucleotides in the culture medium. About 2.5 ml of bacterial culture was rapidly removed from the culture flask and placed in a 5-ml syringe attached to a Swinnex-25 filter holder containing two membrane filters (1.2-,gm pore size filter on top of a 0.45-,um pore size filter). The culture sample was then filtered, and 1.0 ml of the filtrate was added to cold HCIO4. The entire sampling process was completed within 30 s. The filtrate was treated as described above for total culture samples.
Sample preparation for the luciferase assay. The cell extract samples and adenine nucleotide standard samples were prepared for luciferase assay of ATP by the method described by Ball and Atkinson (4) . All samples were assayed within 10 h after preparation.
Procedure for the luciferase assay. The amount of ATP in cell samples was determined by means of the luciferase reaction (17) using a Luminescence Biometer (E. I. DuPont de Nemours & Co.). The luciferin-luciferase mixture used in the assay was prepared as described by Ball and Atkinson (4) . The sum ADP + ATP was determined similarly after incubation of the extract with pyruvate kinase and phosphoenolpyruvate to convert ADP to ATP, and the sum AMP + ADP + ATP was determined after incubation with pyruvate kinase, phosphoenolpyruvate, and adenylate kinase to convert both AMP and ADP to ATP. Concentrations of AMP and ADP were determined by difference.
Calculation of the energy charge. The concentrations of intracellular nucleotides were determined by subtracting the nucleotide concentrations of the medium samples from the concentrations ofthe total culture samples. The standard error of the mean for the energy charge determinations, calculated as described by Swedes, Sedo, and Atkinson (18) , was between 0.01 and 0.02 energy charge unit.
RESULTS
The adenylate energy charge of E. coli cells growing on limiting (5.0 mM) glucose was around 0.90 to 0.93. When the glucose was exhausted and growth ceased, the energy charge dropped below 0.90 and remained between 0.80 and 0.90 for 5 to 7 h (Fig. 1) . Then there was a large drop in energy charge to a value below 0.5, where the energy charge remained for many hours. The total pool of adenine nucleotides (ATP + ADP + AMP) fell by about 50% when growth ceased and remained low (not shown). These results are generally consistent with the energy charge measurements in E. coli reported by Chapman and Atkinson (7) and Swedes et al. (18) .
The number of viable cells (colonies formed on plates) more than doubled after the optical absorbance had become constant. The reason for this is not known; perhaps a round of division followed the cessation of actual growth. until after the energy charge fell below 0.8; there was then a 25% decrease followed by a more gradual decline.
The ability of E. coli cells to synthesize new protein, particularly the inducible enzyme (3-galactosidase, was examined in cells starved for glucose and was compared with the energy charge of the culture (Fig. 1 ). Samples were removed from the culture for induction with IPTG, so that the parent culture was never exposed to the inducer. The energy charge of the separately induced samples was very similar to that of the parent culture. (8-Galactosidase inducibility increased during the last hours ofthe exponential phase as the concentration of glucose diminished (not shown). When the cells became limited for carbon and growth ceased, 18-galactosidase inducibility declined. However, after 3 to 4 h of stationary phase, (3-galactosidase inducibility increased sharply and then dropped shortly before the energy charge started to decrease. There was no apparent change in the total amount of protein during the peak in inducibility. The peak in (8-galactosidase inducibility was repeatedly found to occur 3 to 4 h after the end of exponential growth in E. coli B and E. coli K-12 (ATCC 23716) starved for glucose.
In glucose-limited cultures ofE. coli, there is a large increase in the concentration of adenosine 3',5'-monophosphate as growth ceases (6 (3-Galactosidase inducibility decreased rapidly with no peak whenE. coli cells were centrifuged and resuspended in fresh medium without glucose (Fig. 3 ). This result suggested that early stationary E. coli cells might be utilizing exogenous substrates in the medium in the synthesis of (3-galactosidase and other proteins. were rapidly filtered; the third was allowed to go into stationary phase. Filtered cells from the first culture were resuspended in fresh medium without glucose, and filtered cells from the second culture were resuspended in their own medium. The energy charge of the culture resuspended in its own medium recovered to above 0.80 for 6 h and then gradually fell (Fig. 4) . Similar results were obtained with the culture that was not filtered (not shown). The energy charge of the culture resuspended in fresh medium without glucose (Fig. 5 ) was recovered to a value of 0.77, but this value was not maintained. The charge soon began to fall and reached a value of 0.37 within 10 h after resuspension. The viable count of the culture resuspended in fresh medium without glucose decreased much more rapidly than that in the two cultures resuspended or kept in their own growth media.
After the glucose has been exhausted and exponential growth has ended, the cells appear to utilize some compound(s) in the medium that enables them to maintain their energy charge at 0.80 to 0.85 for several hours, and also enables them to adapt to new substrates such as lactose through the synthesis of ,3-galactosidase when induced to do so. The observations of Holms et al. (9, 10) suggest that the main substrate in the medium of glucose-grown E. coli cultures is acetate. When exponentially growing cells were filtered and resuspended in 2 mM acetate, we observed a peak in /3-galactosidase inducibility similar to that observed in early stationary phase of a culture grown in limiting glucose (Fig. 6) The second culture received minimal salts medium at the same rate. During exponential growth, the energy charge was slightly above 0.90 (Fig. 7) . When the glucose from the original batch culture was exhausted, the energy charge declined to about 0.88 for the first 5 h of stationary phase in both cultures. Then the energy charge of the culture receiving only minimal salts medium started to fall and reached a value below 0.5 after 20 h of glucose starvation. In the culture receiving glucose, the energy charge declined to below 0.88 after 8. creased 153% during 25 h and the energy charge averaged 0.84. When the rate of glucose addition was lowered to 0.094 ,umol/mg of protein per h, there was no increase in the number of viable cells during glucose addition, and the energy charge decreased to 0.73 after 25 h of glucose addition.
When growth on glucose ceased in cultures grown in medium containing glucose and lactose (Fig. 9 ), the energy charge declined to about 0.86 for about 15 min and then increased to a value of about 0.91. A simultaneous fall in the rate of incorporation of [3Hlleucine into protein was observed during the transition from glucose to lactose utilization. 83-Galactosidase activity appeared just as the energy charge be- gan to recover, and the activity increased until growth on lactose had ceased. A similar drop in energy charge and in the rate of incorporation of leucine was observed in cultures grown on glucose and glycerol. The energy charge fell to 0.83 to 0.79 for 10 to 15 min at the end of growth on glucose during adaptation to utilization of glycerol. The fall in energy charge was accompanied by a decrease in rate of incorporation of labeled leucine into protein. As growth resumed because of glycerol utilization, the energy charge and rate of protein synthesis readjusted to values similar to those for exponential growth on glucose.
The decreases in energy charge during adaptation from glucose to glycerol or lactose, and from glucose to exogenous substrates in the medium during glucose starvation, are compared in Fig. 10 during growth on glucose. Holms et al. (9, 10) , studying E. coli ML 308, found that 17% of the carbon supplied as glucose accumulated in the medium as acetate during growth on limiting glucose, and that the acetate was utilized within 3 h after the end of exponential growth. They also observed a peak in 02 consumption after the end of exponential growth, similar in timing to the peak in (3- (Fig. 10) . Since metabolic intermediates and biosynthetic starting materials will also be limited, the decrease in energy charge cannot be the only immediate cause of the large decrease in metabolic rates that must necessarily occur at this time. However, in view of the rapid turnover of ATP and the participation of the adenine nucleotides in all metabolic sequences, only very effective kinetic controls could limit the decrease in energy charge to 20o or less at the onset of starvation.
When an alternative energy source was available, the energy charge was restored to its normal value within a rather short time (Fig.  10 , top two panels). When lactose was the alternate substrate, the rise in energy charge coincided in time with the appearance of a detectable level of ,8-galactosidase, and resumption of growth followed quickly (Fig. 9) . When no alternative substrate was available except for materials excreted or lost from the cells during growth (probably mainly acetate), the energy charge recovered weakly and much more slowly (Fig. 10, bottom panel) .
Taken together with the ability of E. coli cells to survive apparently indefinitely at an energy charge of0.8 when glucose is supplied at a low rate, these results suggest that the response of this species to absence of a metabolizable energy source may be as suggested in Fig.  11 . Under normal growth conditions, metabolic sequences in which ATP is regenerated should respond to variation in the adenylate energy charge as shown by curve R, and the response of sequences in which ATP is utilized should resemble curve U. When the carbon and energy Similarly, even when interactions between energy charge and product feedback effects lead to maximal affinity for substrate of regulatory enzymes in biosynthetic sequences, the biosynthetic rates will be limited by the concentrations of substrates, and response curves like U' should result. Homeostasis of course depends on equality of rates of regeneration and utilization of ATP. As a consequence of severe limitation of the carbon and energy source, the homeostatic state should shift, for example, from intersection a to intersection b. Figure 11 illustrates why a small change in the value of adenylate energy charge should be expected to be associated with a large change in metabolic fluxes. It also may help to explain our failure to stabilize the charge at values below 0.8. As substrate limitation becomes increasingly severe, the maximal heights, and thus the slopes, of both R-type and U-type curves must decrease. As the slopes at the intersection become smaller, the stabilizing effect must decrease. Figure 11 does not, however, explain why the charge falls to 0.8 and stabilizes at that value; according to the simplified model illustrated, the stabilizing tendency would be expected to decrease steadily with decrease in availability of carbon and energy. Stabilization at 0.8 demands that in effect one or both curves become steeper at this point than at higher energy charge values. An actual increase in steepness is extremely unlikely; probably the stabilization depends on a specific effect at some key regulatory branch point, such as the partitioning of phosphoenolpyruvate between carboxylation to yield precursors for biosynthetic sequences and conversion to pyruvate for use in ATP regeneration. If the availability of biosynthetic starting materials were rather sharply curtailed at this point, the result would be a further drop in the U' curve, which could have the same effect on metabolic stabilization as a region of increased steepness of that curve. In any case, the stabilization of energy charge at about 0.8 is not a general phenomenon; in starving yeast cells the charge drops rapidly far below the physiological range (4) . Different species clearly have evolved quite different strategies for dealing with energy deprivation.
